Reaction/annealing pathways for forming ultrathin silicon nitride films for composite oxide-nitride gate dielectrics with nitrided crystalline silicon-dielectric interfaces for application in advanced complementary metal-oxide-semiconductor devices
Atomic transport across the interfaces during the formation of ultrathin silicon oxide/nitride/oxide films The redistribution of O and N during the final, thermal oxidation in dry O 2 step in the formation of ultrathin silicon oxide/nitride/oxide dielectric films ͑ONO͒ was investigated using isotopic tracing and depth profiling with nanometer resolution. The results show that the final oxidation step induces atomic transport of O and N species in the system, such that the formed ONO structures are not stacked layer structures, but rather a silicon oxynitride ultrathin film, having moderate concentrations of N in the near-surface and near-interface regions, and a high N concentration in the bulk. © 1998 American Institute of Physics. ͓S0003-6951͑98͒04040-6͔
The increase of the packing density of dynamic-randomaccess memories ͑DRAM͒ requires ultrathin dielectric films with low leakage current and high reliability.
1-6 Ultrathin structures of silicon oxide/nitride/oxide on silicon ͑ONO͒ are able to fulfill these requirements, as they reduce hot carrier damage and suppress boron penetration. The usual routine to prepare ultrathin ONO films 7 consists of the thermal growth of a SiO 2 film ͑2-5 nm͒ on Si in dry oxygen ͑bottom oxide͒, followed by the deposition of a Si 3 N 4 film ͑also 2-5 nm͒ by one of the many available versions of chemical vapor deposition ͑CVD͒, and finally, a reoxidation in wet or dry oxygen ͑top oxide͒. Many authors have ascribed the reliability of ONO structures to the sum of the advantageous characteristics of each ''layer.'' Hönlein and Reisinger, 7 for instance, discussed the importance of each one of the components of a ONO stacked structure. According to them: ͑i͒ the bottom oxide maintains the good quality of the Si/SiO 2 interface, ͑ii͒ the nitride layer increases the dielectric constant of the film, and is a diffusion barrier to boron and other doping elements, and ͑iii͒ the top oxide seals weak spots in the Si 3 N 4 and is necessary when the gate dielectric is used under symmetric electrical conditions. These and other authors [8] [9] [10] [11] neglected the improvements that can be obtained due to the ''interaction'' of the three layers composing the ONO structure. In fact, the strictly stacked nature of the ONO structures prepared as described above is questionable in the case of ultrathin films: even extremely thin top oxide layers of approximately 1 nm prevent electron and hole currents very effectively, something that cannot be explained by a simple model of a 1 nm top oxide with a sharp boundary with the nitride layer. The final step of thermal oxidation most probably produces a graded transition between SiO 2 and Si 3 N 4 . This was observed by different authors [12] [13] [14] who studied the impact of rapid thermal processing in the final oxidation step, on the electrical properties of the film. For instance, the interface charge density was found to be reduced in all three interfaces. Furthermore, it was shown that a thermal oxidation that promotes the redistribution of the chemical species reduces interface stresses. Finally, the existence of a superficial oxynitride layer was observed, although using profiling methods which did not have the required depth resolution.
We used isotopic tracing and high-resolution depth profiling techniques to achieve a better understanding of the effect of the final oxidation step on the distribution of the chemical species present in ONO structures. The starting structure had a bottom oxide (Si 16 O 2 ) thermally grown on Si͑100͒ in dry 16 O 2 at 1000°C in a rapid thermal processing furnace. The nitride layer (Si 3 15 N 4 ) was deposited by remote plasma enhanced chemical vapor deposition in a mixture of 15 N 2 and silane. The depth profile of 16 O in these starting samples was determined using step-by-step chemical etching 15 in a HF solution. Figure 1͑a͒ shows the areal density of 16 C nuclear reaction at 429 keV (⌫ R ϭ120 eV), and a tilted sample geometry (ϭ65°). The measured excitation curve ͑i.e., gamma yield versus incident proton energy͒ around the resonance energy is shown in Fig.  1͑b͒ ; it was converted into 15 N concentration versus depth ͑shown in the inset͒ by means of the SPACES simulation program. 17 The depth resolution is approximately 0.7 nm near the surface. One notices from Fig. 1 15 N nuclear reaction at 151 keV. 16 The corresponding excitation curves and 18 O depth profiles are shown in Fig. 2͑a͒, showing 16 O 2 ), eventually reaching the ONO/Si interface, and has a marked depletion of its concentration near the surface.
The overall thicknesses of the so-formed ONO structures did not significantly vary with respect to the starting struc- ture after the final oxidation step. Indeed, Fig. 3 Fig. 4 . A comparison of the experimental points with those corresponding to the starting sample ͑represented by the two solid lines in Fig. 4͒ shows a In summary, the final oxidation step in the formation of an ONO structure, which consists of a thermal oxidation in O 2 of a stacked silicon nitride-silicon oxide bilayer on Si͑100͒, induces atomic transport of the O and N species in the system. The incoming oxygen atoms are introduced into the silicon nitride layer, forming silicon oxynitride in the first nanometers from the surface. Concomitantly, N and O species already present in the system migrate, such that N is found redistributed throughout the entire length of the film, reaching the ONO/Si interface. Oxygen species from the bottom layer slightly penetrate ͑approximately 2 nm͒ into the previous silicon nitride layer. The thickness of the ONO film does not significantly vary due to the final oxidation step, as N is lost by desorption in comparable amounts to those of incorporated O. So, we conclude that the ONO structures formed in the present work are not stacked layer structures, but rather silicon oxynitride ultrathin films, showing moderate concentrations of N in the near-surface and near-interface regions, and high N concentration in the bulk. 
